Introduction
The regular reflection (RR). and t.he irregular, or Mach reflection (MR.), of a plane shock wan' i at a rigid surface was first discussed comprehensively by von .Keumann (1 H43) . He assumed that all the wayps were shock" \yhieh obeyed the Rankine Hugoniot (HH) jump conditions. and all were of negligible ('UITature ami thickness. Alt.hough the theory was dcYcloped for a gt'lll'ral equation of sta te. he gan' most attention to air which he assumed to be a perfect. gas.
He fOlllld that transition between HR ancl .MR., denoted by, HH::;;:": .iVIR, could be brought about by a continuous change in a system parameter. such as, for example, the corner angle e, or the inverse ~trcngth of i, ~i == I~J 1'1' where P is the pressure aml the subscripts 0. J. refer to conditions upst.ream and downstream oh (figure 1). When Iw studied the conditions for transition, he found it Ill'ccssary to distinguish between a st.rong and a weak incident shock i, because ~i determined the nature of the transition criterion. Using a property of thc polar diagram. he was able to give a rigorous definition of the boundary between strong and weak shocks. In the special casp of a perfect gas. the crit.ical value of g; = gel" depended only on the ratio of specific heats 11 == ('r,le v , (table 1) . HO\vever, all alternative defillition which j" physically more satisfact.ory has been given by Henderson & SieW'llthakr (1980) . III this case. i is strong if the flO\v dowllstream of its rcflected shock r, is supersonic at, or near. transition, but it is weak when this flow is subsonic. Hence the strong/weak t Pf'rmanent addrf'RR' Department of ME'f'hanieal Engillf'ering. linin'l'l'ity of S~'dlley. N~\V 200G. Australia. Frol'HE t, .\Ia('h rl'llpdioll ('al1~pd hy tlH' r1ith'ldillll of a ldmll' ~h(wk (11'''' " ('"llll", (, ~"j"ll ('(ll'II('I', (0) ('0IH'11\'(' ('()] 'JIPI' 1ll() (I"I, (h) ~~'Ill11l('tri(, l1l \n,dll(' llJ()(1P1 d('~ill'I('rll() ]'('(\111'(' tl1\' l'fl'r'('t, ()f\'i~(,(\~jly partj"ltiarly at the ('onWI', I, ill('idl'l1i ~llo('k: 1',  rPilp!,!p,j "IHI('k: ", ~Iach ,,11I\('k: ("I. "Illliact diR(,Olltil1uity: fI, ('(H'lwr angl(': ,\', trnjpetory path l1nlllp ,,1' \yaH' tril'k· jl()int : .1/", ~h«(('k ~\;H'h 1l11lllhn of :I\a('h ~h()('k alollg thp rnllll' ~lIl'fa('f': II, allgle of ill('idpll<'(' Ill' i \,'jllt n'~I){'d to tlli ' (,d: Ii" Inn'!' anu:lp of" with rt's!'pet 10 th (' ('d, bOlllldary j" at the ~()lli(' tl(l\\ ]loint. The t \\0 ddinitiolls <In' l'lmw together for a }wrfed gas (spc tablcs 1 alld 2).
For \\THi< sllOck" \'on ;\;(,lllllHlln ('otH'ltukd that tnlll"itioll took plHI'p at thl' dPlacllllll'nt point. f.;uhsl'ljw'lltly. I{ortlllng 8.' Tayloj' (UJH2). ]ll'opospd inkt('ad that tran"ition OI'(,UJTPd at the :;':ollie' point. Ad Ilally. tilt'f'!' two (,l'itl'] 'iH an' too do:,,!' togptlwl' for pl'!,,,pnt day experillll'ntal kchniq\lf'N to di"tillgui:;.:1; Iwt\n'(,ll tlll'llL ":1) they will he I'pfclTed to gPllPl'it:ally as the ,,:olli(,/dda('hllH'llt point criterioll. By ('ollira"t. WIH'1l wa, .: ktrong. VOll l'\CUllltlllll ; , ; ugg<, :; .: jpd that tlw 111l'('ilalli"ni 7'he 1'011 Nelil/wnn pal'ad().l' .lin' f!ip dl:f.J}, llrtIOIl (~f ", pal, : 8/iO(·/.: /1'0, 'P8 Sanr\pman 1!l7H) . 'I'll(' omme conclusion applied to I'Pl'tflin self-similar systems sllf'h as t.win l'l'-l'lltry con('an' ('orIH'I'S (HpndeI'son 8.:
Lozzi Ul7 i"i), hut !lot nE'cesRaril.\' to all self-Ri mila r f4,Y:'4temR, part iculady to a plant' slJOek i diffracting on'!' a8ingle ('(Hl('al'(' (compre"siou) ('orner. In t.his laFit ca"e, ",hiell haFi lWPIl extell:o:in'ly "tudied, eXjlPrinH'nt indicate" that regular l'!'ilcdiOl1 apparently pt'1'8ists !lot only beyond the von Neumann point but evell beyond the Fionie/ ddflellll1ent poinL that is. into a region wherE', aceording to t.he von N('umann tl1l'ory. JU{ is impossiblp.
\\']WI1 i was n \\'('a" shock, the ('ited references ngain "hmn'd that til(' theory agrc('d \\(·11 with l'xpCrinH'llt for RH. ex('('pt t.hat 011('(' more HR apparcntly persistn] hf'\'olHl tIl{' sonic/dptachmPllt point. For weak .1la('h I'f'fied·ion the t/wor.\' almost always faikd to agree \\'ith l'xperiment, In fact. if i is sufficiently weak the nm ~ellma llIl theory has n(lphysi(~ally realistic solutions for l\lR (Henderson 1 !lS7) ('\'en though experiments show that MR-like phenomena do ill fact {'xist. This suggests of cOllr:o:e that till' physieal model of weak MR. used h.\-VOl! Neumanll is tl1('11 ilH'oJ'n'd. '1'1] (' apparent lWl'sistell(,(, of either HR or l\lH into regions of parametl'l' spa('e (I' x ~i x H). for \\'hich the thpor.v has no physically rpulistie solutioll;'; j" defined he]'(' to Iw the 'nJl11\Pumann paradox'. The term \I'as first used by Bil'khofl' (H)!j(). p. 24. 1st edition) although in a more l'estrietcd f1PllS(, than by us, TIlt' ohjcct of thp prPRl'llt paper is to Rtudy the paradox with particular attention to the \\'C'ak irl'Pglllfll' rdlection, Fir~t. we prTfJPnt the resliits of ollr PXjWrilllcnt" \\'ith \\'(,flJi: shocks diffl'H d illg oyer CO/H'a \'(' (compres"ion) ('orners (figu n' 1). In order to keep the physie8 as simple as p08sible, WE' s('[('!'ted Although the numerical data were found to agree with E'xperiment within the limits of experinwlltal error there were small systematic diserepaneieR. These were aRcrilwc1 to shock-boundary-layer inh'raction effeet.R arising from the viscosity ofthe argon. In ol'dpt' to tE'st this i(ka some of the COllen n' {'OI'lH'r modd ('xpcriments (tigul'(' 10) were repeated with s)'mml'iric wedge mo(kl" (figure 1 b). These were designed to greatly rE'ducp the sh(wk-bolllldary-layer interactioll at the C'OIH'an' (~orl1er. 
The experiments
TheRe \WI'(' dOl1E' at the Plliv('!'sity of Rydllcy in a conventiollnl sllock tube which has \wen described elsewhere (Ht'nderRon & Gray 1(81). The COllca\'(' ('OI'l1e1' model user! is illuRtrated in figure 1 (a) . The working section nftlw tube was filbl with argon fol' all the experiments. so thE' ratio of specifie heats was a constant. ')1 =~. The inverse shock strE'ngth ~i "'as also held constant for a parti('ular series of experiments. Thc only vHl'iahl(' parameter was the eorner angle 0, and it "'as ehanged in dis(,J'd(' steps bptw('cl1 j he sonie/dl'tadnnent point 0 = (j*. and the glancing incidence point 'I'll(' angle /11 between tllP l'pficeied wave 1'. and the eontact diR('ontil1l1ity ed. and ;1" bet·\H'en ed and the 1\1ach shock 8 were measurpd from t.hE' photographs. Thp contact discontinuity and all the waTt'S except i are {'m'n,d near the triple point so there was somE' uncprtainty about where to draw the tangents at this point for the purposE' of angle measurement. Accordingly the experimental ('ITOI' was a littk larger for thesE' "cak f.:hock systems than they are for stmng systems 'I' here the way!'s art' 
;\f'lIIllHlln t,lH'or,\' of weak }\\fl<'h rpfi"dioll with t'-"IH'!'inH'llts ill eitlwl' locally straight. or l1early so. \Yc also measured the ~ln('h numlwJ' JIll' of the :\Ia!'!\ shock nlong lhe sloping ramJl whert' it is locally II 11 01'11 Ja 1 Nh()dc and the inlj(·etOl'Y path Hngle X oft,lll' iripk poillt. '1'1)(' allgit' X mlN llleHSlltTd HS indicatcd ill figUl'P 1, that iN ()Il til(' assnmptioll that the traj('dory path of tIl(' tripl(· point pasNed through the corner. Tilt' 1I1)('prfaillty ill the flll'HRUl'L'lllellt:-: of (Jill' xl is signifl(·HIlt.I,v iPss thnll for tl1P wavc allgles (Pi' Ps) and we eonsider the fonner to 1)(' the 1110st l'cliahk and robust of all our data. The f'(':mlts for tweln experiments ",ith an 
$ ..jr (Ip (1(111 
( 1 )
he density/I, I'. the ;(: and y yl'lo('ity components. and e is the total energy PPI' ullit maSf-:. The 1)l'('RRun' I' Illay be obtailled fmm the equati()]] of state. Nimplifiecl forlll of the ideaR in BergeI' & ('oldla (1\187). At allY l!iH'll time the dCllsity of tllp tinite ditferen('(' "clls was inel'ea.~('d by an integer fitt'till'. called th .. rdiw'lllent rat.io. in (,Hdl coordinate diJ'('ct.ioll, \Vhilr, the Nizl' of the H'etallgular regioll I,hidl was fmbjed to rcfinement "HS fixed, the refined region was JlloI'eel ill sueh a \lily t hat the il1('irjpnt and ~Ia('h sh()('kN in tl\(' lwighbourhood of the reflcdillg \\<\11. in particular. we treated tilE' t.ransition to l\'1nch rt'tl .. cti()ll as the fOl'lllHtioll and propagatioll of a kink along the incident NIl()dz with til(' rdh'ckd wavp and till' slip line ('olnputpd as eapturcrl st l'uettll'('S Oil thl' jinit.p difh'l'('1l<'l' grid.
The liSP of hoth of these adnptin' tnchlliqtH'S imprrwed tile ('('solutioll of tht' tillitp difh'ren('e eal<'ltiatioll ill seH'nl1 W11.n'. lVlpRh re!ifll'llH'llt enabled Ui-< to f()('118 the grid l'('sO\utiOll on tl\ The first series was designed to validate the code by direct comparison with experiment. The gas was assumed to be argon with a constant ratio of specific heats, y = i-In order to make the comparison as accurate as possible. we llsed exactly thl:' same input datil (y. ~i' 0) in each computation as had been used in the experiments, (table 3) field in each case, as well as enlargements of t he densi ty, pressure , and entropy contour plots in t he interaction zones . T he 'ripple' not iceable in most of the enlargements is due t o a reflection condition we imposed at the top boundary , consequent ly, it is no more t han an artefact of the calculations. 
• ----.. -.. tracked incident sIwek for which t.he post-"ho('ked "tate differed from the "tate 1)('hil1 d tIl(' incident "hoek. Also plotted as a solid li]] e is a lincHr least.-squan's fit to the t r iplepoint trajectory defined by these points. Thc assessment of the nUllwl'ieal aeeuraC',v of the solutions obtained here is substan t ially simplified by the self-similarity of the problem. If the solution is selfsimilar, we expect that runnin g the calculation for longer timC's should be tIll' same as rdining t.he grid. In faet. this is rigorously C'OJ'reet at. the (li s{'rete level in the ease of a uniform grid , in the sense that the solut.ion depends on the spatial and temporal incrcments ~;l' . ~y . ~l only in the ratios ~:r/ ~t . ~y / ~t . Our general a pproa ch has been to Ui'C th e finei't m esh that we could afford , and t o monitor self-similarity by comparing t he l'E'Rlllts at differcnt times . T he 1l11merieal triple-point tra.jeetories arc exa mples of such comparisons ; OUI' plots of the triple-point locations computed by the algorithm at pvery tinwst.ep is equivalent t.o producing t.he triple-point Iocatiolls for a continuum of mei'h spacingi'. The convergen ce of the disnrete triple-point trajectories to a str aight line indicatei' that OUI' Ilumerica l calculationi' are converging to a self-similar solution to the equations . \Ve hnn' also performed other diagnosti cs, i' lwh as eornpa ring eontour pl oti' of the solution at different timeR . and have seen similar convergellce of the wave patterlls . and here also the agreement is good. 1 n this ease the data is span;e and tlwl'e is no sign of a s:vstematic discrepancy. We formed tIll' h.\'pothe8i8 that the discl'epaney evident, in figures 3 (a) and 3 (b) was elm' to the Yis('()f~ity of Hll' argon, kading to shock-boundary-layer intc·raetions. Another viflcOHS effect waR duc to the (negative) (lisplaeement height ofthe boundary layer along the ramp. It was estimated to he only 0.02 !lUll at 5 cm downstream of the Mach Rhock, which made it immeasurably small. Our calculations, of course, \wre based on tilE' aSRl1lt1ption that the gaR \\'afl inyiscicl. The tint plate forllling the upstream part of the corner was 30 em long and the ReYlloldH number there wml about Re ~ 4 x 10 6 . A new serieR of models were designed to reduec the effects of yiReosity, a typical one is illustrated in figure 1 (b) . Whilc this design yirtually eliminated shock-houndary-Iayer effectR at, the corner. therc were still some reRidunl side,,-all boundary-layer effectH. The NHtne numerical data is ('ompan'd with tlw experimelltal data from these symllletrieal or 'low viseosit.v effects' models in figurefl  :1(1'. d and 4t. d) . Cknerally, agreement i!' now excellent with ltO fligns of any sYRtetnatic diRcrepancy. Thus when I)J'ecHntiollfl Hl'p taken to minimize tlw dfedR of yiseoHity. the llulllerieal l'l':"ults agree \\'j th experiment. \Ye coneluck that these resnltR validate the code.
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Comprrrison of flip t'Oll ~Vrltl/l(rnn theory ofiliR lI'ith pxperimrllf
Tht' YOIl ~eUlnunn theory !Jas phYflieall,'-acceptable flolution04 of ]UR for til!' (J.11i) = 1 A7 Reries. but, not for the weaker series (Mi) = 1.035. It is impossible to calculate (;1[I/'X) from this theory. so it is lHwcflsary instead to eaJeulate the wave angles (/11: fis) to ('ollllJal'e with experiment.. The data for the concan' corner models are presented in figmes 2 (a) and :2 (b). Although the thl'Ol'y approaches agn't'IllPnt with experiment near t.ransition to RR, (j --'r (j*, there i" an inereasingly large discrepancy ill the other direction a:" () becomeH smallt·1'. For the experimental data it will be notiC'!'cl that tllt' 1"!:'fleeted wave angle /11 iR alwa~Ts Rllch that (31 ~ ~n:: thereforE' b!l e;rperilllcnt the l'eflcd.pc\ wan' r is never inclined forward of ttw triple point: it mlwt always be either a baekwanl facing siwek iii < ~n:, or. at most, a normal shock, For lil < ~n: it will 1)(' noticed that the discrepancies are reduced b.,' about half compared with the cOllcan' corncl' data ( figureR 2a and 21) ). This d('mollstratpH tIl(' sensitivity of the angle data to viscous effcc:ts and indeed to small variat.ionfl in the system parameters. A part from thiR observation, the conclusions are the sallle as befon'. These comdderation:-: suggested the following hypothc;':('fl to us.
(0) When PI < ~n:, for thl' \'()j) Neumann theory. thcll it will agree with ('xpl'riment.
prm'ided that the effectR of viscoNity can bp sufficiently reduced in the experiments.
(h) When iJi > ~n:, for the theory, that is when the reflpe!ed wave is required to be ineiincd forward of the triplp point. thell the theory \\·ill no/ agt'l'l' with l,xlwriment.
(c) \\'1]('11 the theory has llO ph,vsically ac('cptahlc solutions, for example the solutions llla~' be unreal. or may require the reflected wave to be an expansion shock_ then here also it will not agree with experimenL
If the h~'pothesf's are true then then> mnst be at least two irrpgulal' reficrtions. These are a elassical Mach l'efil'ction as described by the von l\ellinann tl]('ory but rt'stricted to /3, ~ ~n:, and to solutiolls that are ot.herwise physically realistic. and another system which we will name a 'von Neumann reflection' (NR). which exists when the theory fails. Ckarly the transit.ion condition foJ' MR-+ NR, is According to the hypotheses the experiments listed in tabk 3 for the (ili;> = 1.47 series. and with run numbers 81-84 are von Neumann reflections while 85-100 are weak l\lach reflections. This may be veritit'd by inspection of figure 2 using table 3 and equation (3). All ofthe expcriments in the (111;> = 1.035 seriC': arc \'on Neumann retkdions. A schlieren photograph of a weak l\lR from Tun number Hi) is presented in figure 8 . A similar photograph of an NR fol' which t.he theory requircs /31 > ~n: iR presenkd in figure n (nm number 81). Finally a photograph of an ~R for which the theory haR no real solutions is presented in figure 10 .
C'ompar£80n of the von Neumann theory of 11fR with the numeriral data
We shall now test hypothesis of the reflected siwek ean be found in the same way (table 4). In thiR ease the emj!, displays more sl'llsitivity which ('a uses some uneertainty in 8 2 , Ne\"(~rthelcss the result!' do bracket the von Kel1lnal111 nata. Therefore the data shown in table 4 supports h,\'pothesis (a).
The strucilu'e (d the von J.VelUnann reflection NR
Hypotheses (b) and (c) will be considered here together. An MR will be replaced by an NR whenever tlw von Neumann theory either requin's that /31 > ~n: or ",hell it has no physically acccptahle solutiolls. At first glanc!' the photographs of an NH (tigUl'!'s D and 10) appear t.o be thm:e of a typieallVIR. However careful examination revealR Rome important differenees. Thus thl' incident and Mach shocks appear to be a single wave with a smoothly turning tangent Ilcar the triple point, whereas all l\JH (figure 8) has a Rlope discontilluity betwecn those two shocks at the triple point. Fur1hermore the contact discontinuity has a quite sharp appearance in the MR, but a fuzzy appearance in NR as though it was a dist.ributed shear layl'r rather than a shear diReontinuity. The cont.ours plotted from the code calculatiOlll-l show a similar behaviour. For example the d!'tailed entropy eontcmn: for the 1\1 n of experiment 85 (figure 5d) display a concentrated band of entropy emanting from the triple point. Hnd a clearly defined entropy jump across the reflected shock. The curvature of the Mach sIwek near the triple point is also noticeably large. On the ot.her hand, the contours corresponding to the N R of experiment 81 (figure 6d) display a smoothly di stributed band of entropy with no sign of an entropy jump across the refledion c\'en though it obeys the RH conditions. \Ve presume t.hat the jump is too small to bl' res()l\'(~d by the caleulations. The curvature of the Mach shock is now much smaller than that shown in figure 5 (d) , and the triple point has now become somewhat indefinit.c.t \Ve infer that the reflectio]) is not a shock but a smoothly t Tn that f' vpnt.. w t' eal culat!:'d X a.t tIl!:' poin t where the leading edge of t.he refieetioll first
distributed ,·wlf-simiiar eOfllrll'C'ssioll ill til(' region w]1('l'e it interacts \\'itl1 till' ineid('nt/~Iach Rhocl\f'. Evidenee of the self-f'imilarity in tlw region is found in till' linear eharacter ofthe triple point trajedor.vexcept for the immpdiate ,-it'inily ofthe ('orner (figure Ge). The conclusions remain the "Hille when the ineidellt shoek is so weak that there are no real solutions to the VOIl Xeumann theory (hypothesis (e)). In the example showll in flgure i (d) the smoothness of the field is evident and so also is the finik ('un-atm'P of the Maeh silOek. It is also l'vi(knt in figure i ((') for tIl(' pressure ('OlltcJHrS hm\' the l'ellpction Rtf'epens into a shoek as it retl'eatR from the illcidentlJia('h shock intpradiol1 ZOIlP. . Belllu'iolll' rd 111P il'l'eglilar I'("jfprtioll s lIerrF theil' 11'((/l8ilioll /3 1 = ~rr RUPPOf:W that initially wp havp a weak }lIB. tl)(,11 it follow" I).\' hypotlwsi;;: (a) thai /3 1 ~ !rr, the rdkctpd "ave is a shock and then' i" a ,\'cll-ddin{'d triple point, The "trpamlim' detlcdion angle O 2 across the rdlPdec] ,'"hO('1i: ('an be calculated from (A,nw" 1 Hi5:j). 
0(P.)=0
So the stream!illP dil'l'etion ehanges rapidly with 1'n'SSU1'e as transition is approached. ME -, Xl{. Thi" partly explains why the !,n';;:sm(' data if-; so robust whiIP tIl<' streamline delieetion data is so sensitivp (table 4). These quantities are of COlll'Se ultimatel.\' functions of the "ystCll1 parameters (y. ~i' (J). The waV(' angles (/1 1 , /J,) n Iso show marked sensitivity as ME ~ Xl{, (figure 2) whieh is (,\'idently. at least ill part. another manifestation of the singularity (5) sinee they are also function" of tl1(' "HIlle parameters. Howe\'er, the experimental data for (iJl, f3, , ) shown in figul'<' 2 also "l]()w marked sensitivity to the d'fcct" of yis('()f-;ity whpreas the (ill n' X) data do !lot (figllre :3), Indeed the expprimellts indicate that sensitivity to YiRcosity i" till' dominant effect f()r mo;;:t of Ow range of iJl <!rr data in figU1T 2, l1w "cIl;;:iti\'ity duf' to tIl<' "ingulnrity is IH'l'sulllahly mostly confined h) Lhe Yi('init,\' of tlU' transition point /3 1 = ~rr, A dYl1all1i('allllPchanism for the formation of the di"tl'ihutnl reflected ('olJ1pn'ssioll in NH j" "llggt'sted hy the way in which the thn'l'-04hoek t1WOl',\' fails. Given the triplt, point trajectory pHl h ill MH, one can liRe the tlwory to caiclilate thl' entire family of reflected shocks that satis(v P2 ~ PI/' and assuming that .JIH solutiolls exist in the:\'H parametpr spaee t}WI1 these ;;:hock" mllRt be forward facing, /1 1 > ~rr, If \n' ]lOW override this condition and impose till' 1'equirenwnt that the refledl'cI sh()('k" must he backward facing in order to conform with experiment (figure 2), thell WI' find that (he fIow dirpetion 0 .. , downstream of the Mneh shoek divergeR from that o~ downstream of the refleeted shock (figure 11), This suggpsts t.hat in NR tIll' flow hl'hind tlw :\Iach "hock aets like a distributed sink of liuid whieh weakens the relledion nnd turns it" dirpetioll of propagation. 'I'll(' result is that it 1wC'omp" a cliRtributpc\ ('ol1lprt'ssiol1 when' it j" near the incidpnt/Maeh "h(wks (colllpare figU1'cs;; and i). The self-04imilnr 
